Knowledge of animal movement is fundamental to several biological disciplines, including wildlife conservation, yet animal movement remains one of the least understood behaviors and is critical for establishing and implementing effective management strategies. Thus, our goal was to compare the spatial, temporal, and biological factors that may influence the home ranges of Preble's meadow jumping mouse (Zapus hudsonius preblei), a federally threatened subspecies with relatively little known about its movement behavior. We radiotracked 187 individuals for 3 monthly sessions from 1998 to 2002 at 3 sites with varying hydrologic and vegetation characteristics in Colorado. A nonparametric kernel home-range estimator, local convex hull (LoCoH), was applied to estimate 50% and 95% home-range sizes for each individual. The 50% home ranges varied by session, site, and annual precipitation (P , 0.05). The broader, 95% home ranges were influenced by session and sex (P , 0.001) and slightly influenced by year. The 95% home ranges for males (X 5 6,342 m 2 , SE 5 520 m 2 ) were greater than for females (X 5 4,026 m 2 , SE 5 358 m 2 ). Individuals located at the site with the widest 100-year floodplain used twice the area compared to those at the 2 narrower 100-year floodplain sites. This information improves our ability to design management strategies to conserve and restore populations of Z. h. preblei by increasing our understanding of how biological, spatial, temporal, and environmental factors may influence movement patterns and ultimately persistence of this subspecies.
and degradation of habitat, especially from human-induced disturbances in riparian ecosystems along the eastern Front Range of Colorado and southeastern Wyoming (Hafner 1997; King et al. 2006) . Critical habitat, including resources needed for normal behaviors, for Z. h. preblei has been designated by the United States Fish and Wildlife Service as riparian and adjacent grasslands ecosystems within 110 m of open water (United States Department of the Interior 2010).
The spatial distribution or home range of a species is frequently used to inform conservation actions (Börger et al. 2008 ). Unfortunately, current conservation actions and management policies for Z. h. preblei are based on general habitat descriptions and minimal movement information. Therefore, reliable estimates of home-range size are needed to determine critical requirements for their survival and reproduction and improve future conservation efforts. To date, most home-range information for Z. h. preblei has been inferred from different subspecies of Z. hudsonius using trapping data with capture-mark-recapture methods. For example, the most comprehensive capture-mark-recapture studies estimated home-range size in relatively small study areas (0.86-10.2 ha) with different species and subspecies (Napaeozapus insignis frutectanus, Z. princeps, and Z. h. hudsonius) and were greater than 2,000 km from populations of Z. h. preblei (Blair 1940; Brown 1970; Nichols and Conley 1982; Quimby 1951; Stinson 1977) .
Further, capture-mark-recapture methods provide only a discrete snapshot of animal activities and are less reliable than radiotelemetry in estimating the spatial distribution away from capture sites (Kenward et al. 2002) . As true hibernators for about 6 months of the year (Fitzgerald et al. 1994; Meaney et al. 2003) , examination of radiotelemetry data on Z. h. preblei revealed that this wetland-dependent subspecies hibernates outside the floodplain in the adjacent grassland ecosystem (Bain and Shenk 2002) . In addition, Z. h. preblei regularly travels much farther from open water than previously observed with capture-mark-recapture data (Dharman 2001) . Although their spatial distribution varies greatly within wetlands and adjacent grassland ecosystems, individuals exhibit site fidelity for specific daytime nests and communal nighttime feeding areas (Shenk 1999; Trainor et al. 2007b) .
Kernel density estimators are now commonly used to estimate home-range size of animals, but can be sensitive to tuning parameters, such as smoothing type and bandwidth selection (Kie et al. 2010) . Of particular concern is the projection of a species spatial distribution beyond natural boundaries into unsuitable landscapes (Ryan et al. 2006) . The adaptive local convex hull (a-LoCoH) home-range estimator allows probabilistic estimates that are robust to the single tuning parameter (a) and do not overshoot the extent of homerange estimates beyond the observed movement data Huck et al. 2008) .
Our objective was to estimate home-range size (95%) and core-use (50%) areas of Z. h. preblei using the a-LoCoH approach ). To our knowledge, this is the 1st rodent study to use this approach to estimate home-range size. As Huck and colleagues (2008) noted, the a-LoCoH estimator is more appropriate than kernel density estimators for river-or creek-dependent species because it more closely reflects the actual proportion of locations creating true boundaries. We used intensive, long-term radiotracking data collected by the Colorado Division of Wildlife from 1998 to 2002 at 3 geographically distinct locations. We also related the homerange estimates to biological and climatic factors that captured spatial and temporal variation of the environment. Finally, we evaluated the United States Fish and Wildlife Service guidelines for critical habitat of Z. h. preblei by comparison to the observed home-range sizes and movements.
MATERIALS AND METHODS
Study area.-Spatial distributions of Z. h. preblei were evaluated for 3 populations located in Douglas County, approximately 60 km south of Denver, Colorado (39u179N, 104u539W) at an elevation of 1,955 m (Fig. 1 ). Each study site had varying hydrologic, vegetation, and human land-use characteristics, allowing us to evaluate the influence of landscape features on movement patterns and home-range size of Z. h. preblei. The 1st site, Columbine Open Space, is a 239-ha conservation site surrounded by private land and an interstate highway. Columbine Open Space has 1 primary water source (East Plum Creek) with a 100-year floodplain spanning 130-260 m (average width 5 166 m). The 2nd site, Colorado Open Lands Pine Cliff Ranch (hereafter Pine Cliff Ranch), is a privately owned cattle ranch primarily composed of a grazed grassland ecosystem with a 100-year floodplain averaging 91 m (range 5 40-175 m) surrounding a tributary (Garber Creek) and a main-stem drainage (West Plum Creek). The 3rd study site, Colorado Division of Wildlife Woodhouse Ranch, has a narrow strip of riparian vegetation surrounded by a 100-year floodplain averaging 41 m (range 5 16-125 m). Woodhouse Ranch is primarily composed of a grassland ecosystem with a series of ponds and irrigation ditches scattered throughout the property. Woody vegetation in riparian communities of all sites is predominantly willow (Salix), narrowleaf cottonwood (Populus angustifolia), and alder (Alnus incana). The adjacent mixed grassland communities contained native and introduced herbaceous vegetation with upland woody vegetation predominately comprised of Gambel's oak (Quercus gambelii). The climate at the sites is semiarid with an average precipitation of 43 cm/year (Castle Rock, Colorado, National Oceanic and Atmospheric Administration weather station 1948-2003).
Trapping and radiotelemetry.-Zapus hudsonius preblei was captured in nonfolding Sherman live traps (8 3 8 3 24 cm; H. B. Sherman Traps, Inc., Tallahassee, Florida), spaced 5 m apart and set in 2 parallel lines on either side of the drainage and adjacent ponds. Traps were baited with Manna Pro Sweet 4-way livestock feed (flaked milo, barley, corn, and oats with molasses; Manna Pro Products, LLC, Chesterfield, Missouri) and included polyester bedding for warmth. Three 1-week trapping sessions were conducted over 4 years (1998-2000 and 2002) during early June, late July, and early September. Because of the nocturnal nature of Z. h. preblei, traps were set between 1900 and 2100 h and checked in the early morning (e.g., 0500 h) to reduce stress and the potential for predation on trapped animals.
Trapped Z. h. preblei were weighed, sexed, and uniquely marked by inserting a sterile passive integrated transponder chip (PIT tag, TX1400L; Biomark, Inc., Boise, Idaho) subcutaneously between the shoulder blades. Mice weighing 18 g were anesthetized using either Metofane (methoxyflurane; Pitman Moore Inc., Washington Crossing, New Jersey) or a 3.5% flow of isoflurane that was dispensed into a clear chamber with a precision vaporizer (Tech 4; SurgiVet, Inc., Waukesha, Wisconsin). Anesthetized individuals were then fitted with a 1-g radiotransmitter (BD-2C; Holohil Systems Ltd., Carp, Ontario, Canada) around the neck and released at their capture location. The 18-g cutoff was based on previous studies (Bain and Shenk 2002; Dharman 2001; Ryon 2001; Schorr 2001; Trainor et al. 2007a Trainor et al. , 2007b ) that used similar radiotransmitters. These studies detected no adverse impacts such as movement inhibition and ensured that transmitter weight was conservative, that is, at the lower range of the 4-10% body weight range suggested in past studies (Berteaux et al. 1996; Koehler et al. 1987) . Trapping and handling protocols were approved by the Animal Care and Use Committee of Colorado State University (protocol A3572-01) and conformed to guidelines sanctioned by the American Society of Mammalogists (Sikes et al. 2011) .
Radiotelemetry monitoring began immediately after each trapping session and continued until transmitter battery failure (approximately 21 days) or mortality. Each year of radiotracking was partitioned into 3 sessions: posthibernation (June-July), breeding (July-August), and prehibernation (August-October). Each radiotagged individual was located hourly between 1900 and 0700 h during 8-to 12-h shifts. Animals were located by homing, using signal strength and direction with a STR 1000-W1 receiver (Lotek, Newmarket, Ontario, Canada) and a 3-element yagi antenna. Prior to monitoring, hidden transmitters were located to determine the receiver signal strength for transmitters at 3-m distance. Then, to reduce the possibility of influencing mouse behavior, trackers remained at least 3 m from the mouse. Sixty Universal Transverse Mercator coordinates, using a Trimble Geo-Explorer II global positioning system (Trimble Navigation Limited, Sunnyvale, California), were collected for each animal location and postprocessing involved differentially correcting and averaging points into a single Universal Transverse Mercator coordinate with a 2-to 5-m accuracy.
Home-range estimation.-A nonparametric kernel homerange estimator, local convex hull (LoCoH-Getz et al. 2007; Getz and Wilmers 2004) , was used to estimate 50% and 95% probability distributions for individual Z. h. preblei with at least 30 locations per session. LoCoH estimates home-range and utilization distributions by combining the nonparametric minimum convex polygon method with the kernel probability method ). The LoCoH approach was selected among the many home-range estimators for 3 main reasons. First, LoCoH does not assume the location data adhere to parametric assumptions such as a predefined spatial distribution and independence between points (Getz and Wilmers 2004) . Second, home-range estimates with this method converged better than previous parametric kernel methods ). Third, the LoCoH approach does not predict home ranges outside the geographic extent of the location data, which allows it to effectively identify and delineate geomorphic and area boundaries (e.g., cliffs and lakes) not used by the animals Ryan et al. 2006) .
We used the most robust LoCoH home-range estimator, the adaptive LoCoH (a-LoCoH- Getz et al. 2007) , which estimates probability of use by building local hulls (i.e., Delauney tessellation) by summing the distance between 
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TRAINOR ET AL.-PREBLE'S JUMPING MOUSE HOME RANGEnearby points and the root point for all locations within a variable sphere within a preselected distance, a, around a root point (Getz and Wilmers 2004) . We used the Adehabitat package developed for R statistical software (Calenge 2006 ; R Development Core Team, Vienna, Austria), and as suggested by Getz et al. (2007) , we parameterized a as the maximum distance between all locations collected for each individual. The 50% and 95% probability distributions for each individual were exported as 10 3 10-m grid cells into ArcGIS 9.3 (Environmental Systems Research Institute, Redlands, California) geographical information system. Cell size was selected to maintain consistency with the global positioning system location accuracy (2-5 m) and the 3-m approach distance to radiotagged animals. Data analysis.-We used generalized linear mixed models in the R statistical software (R Development Core Team), to determine whether spatial (site and average 100-year floodplain width), biological (sex), and temporal (session and year) variables are the main effects on 50% and 95% home-range sizes. Because discrete home-range estimates were possible for individuals radiotagged in multiple sessions, we tested for an individual effect by constructing models with and without individual as the random effect. The 100-year floodplain boundaries for all sites were acquired from the Federal Emergency Management Agency and imported into the geographical information system as a shapefile. We modeled session and year as categorical and by replacing them with climate data (continuous variables). Climate data were obtained from a weather station within 11 km of all study sites. For example, year also was modeled as the total precipitation recorded during the trapping and radiotelemetry periods (Fig. 2) . Session also was modeled as either total precipitation (Fig. 2) , minimum temperature, or maximum temperature. These 9 independent variables, with up to 5 variables used in each model, were incorporated into a suite of 49 a priori models. The response variables of the model (50% and 95% home-range sizes) were log-transformed to adjust for a skewed distribution. We ranked all models using Akaike's information criterion adjusted for small sample sizes (AIC cBurnham and Anderson 2002) with the smallest AIC c values indicating the more likely models based on the data.
The United States Fish and Wildlife Service has designated critical habitat for populations of Z. h. preblei on 1st-and 2nd-order streams as 110 m outward from the stream edge (United States Department of the Interior 2010). We assessed how much of the current critical habitat corridor sufficiently encompassed the required resources based on movements of Z. h. preblei by calculating the percent 95% home range (normal activity area) of an individual within the critical habitat area (110-m buffer from the stream edge).
RESULTS
Two years (1998 and 1999) of trapping and radiotracking at Pine Cliff Ranch resulted in 105 and 69 Z. h. preblei trapped and radiotagged, respectively. More than 130 individuals were captured at Woodhouse Ranch during 3 years (1998-2000) of livetrapping; 103 individuals were radiotagged. Columbine Open Space was trapped for 4 years (1998-2000 and 2002) with 179 individuals captured and 132 radiotagged. Overall, 56% of the radiotagged individuals had a sufficient number of locations (30) collected to estimate home-range size using a-LoCoH algorithm (average 5 75 per individual, SE 5 2.57) with 53% of the home-range estimates from Columbine Open Space, 28% from Woodhouse Ranch, and 18% from Pine Cliff Ranch (Table 1) . Seventeen individuals (males 5 10, females 5 7) had sufficient locations to provide home-range estimates across multiple sessions.
The average 95% and 50% home-range sizes for Z. ). The 95% home-range size was best explained by the generalized linear mixed model that included biological and categorical temporal variables (year and session; Table 2 ). Based on the top-ranked model (w i 5 0.50), 95% home-range size was greater for males than females (Table 3) . Compared to the breeding session, home-range size was negatively The top model explaining 50% home-range size for Z. h. preblei also included temporal variation at session and annual timescales along with differences in 100-year floodplain width (w i 5 0.39; Table 2 ). Session was best represented as a categorical variable, whereas differences in annual precipitation explained the annual variation in home-range size (Tables 2 and  3 ). Similar to the 95% home-range model, 50% home-range size was negatively associated with posthibernation and prehibernation sessions compared to breeding session (Table 3) . Conversely, home-range size increased with average 100-year floodplain width (b 5 0.005, 95% confidence interval 5 0.002-0.008) and decreased with annual precipitation.
When the United States Department of the Interior's (2010) definition of critical habitat was applied to these study sites, up to 97% of the normal activities of Z. h. preblei would be included within the 95% home-range size estimates from this study. All 95% home-range sizes at Woodhouse Ranch were within the 110-m critical habitat buffer from the edge of streams (Fig. 4) . Most (33 of 34) of the home ranges of individuals at Pine Cliff Ranch were completely within the critical habitat boundary. However, the 95% home range of 1 male during the breeding session was more than 230 m from the creek and more than 120 m outside the critical habitat buffer and 100-year floodplain (Fig. 4) . Critical habitat of Columbine Open Space does not completely contain the 100-year floodplain (Fig. 4) . According to the 95% home-range estimates, less than 3% of the home-range sizes for Z. h. preblei at Columbine Open Space extended beyond the 110-m buffer from the stream. However, 95% home ranges belonging to 3 male and 3 female Z. h. preblei extended 340 m from 
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Most of the observed locations of individuals not used for the home-range analysis (due to insufficient sample size for the individual) were within the critical habitat boundary (Fig. 4) .
DISCUSSION
To our knowledge, our study is the 1st to estimate homerange sizes of Z. h. preblei from radiotelemetry data. We also were able to examine seasonal variation in home ranges across years with fluctuations in precipitation. Estimates of 95% and 50% home ranges for Z. h. preblei varied by temporal factors (session [July, August, and September] and year), whereas 50% core-use size also was influenced by hydrologic characteristics. In general, we found that that home-range sizes encompassed the 110-m buffer around open water suggested by the United States Fish and Wildlife Service guidelines, but some movements and home ranges extended beyond the critical habitat buffer boundaries. This trend varied by study site with home range of only 1 individual extending beyond the critical habitat boundary at Pine Cliff Ranch and Woodhouse Ranch, whereas at Columbine Open Space home ranges of 6 individual extended beyond the critical habitat boundary during breeding and prehibernation sessions.
Our finding that male Z. h. preblei have larger home ranges and core-use areas than females is consistent with most studies throughout the range of Zapus (Brown 1970; Nichols and Conley 1982; Stinson 1977) . For example, Quimby (1951) observed greater home ranges for males (10,926 m 2 ) than females (6,353 m 2 ). In contrast, Blair (1940) reported little variation in home-range size from trapping surveys, 3,601 m 2 for males (n 5 26) and 3,723 m 2 for females (n 5 24). The more extensive movements of Zapus males are probably driven by a reproductive strategy to increase mating opportunities (Cluttonbrock 1989; Ford and Krumme 1979; Loveridge et al. 2009 ). The top-ranked model describing coreuse areas, however, did not support a sex bias in 50% homerange size. In addition, we observed a strong spatial coincidence between male and female 50% home ranges that were in close proximity to open water and within the 100-year floodplain. This suggests that daily activities, such as feeding and resting in day nests, vary little between sexes. There is TABLE 2.-Top 5 models of home-range size (95% and 50% probability distributions) of Preble's meadow jumping mice (Zapus hudsonius preblei) radiocollared in 1998, 1999, 2000, and 2002 in Douglas County, Colorado. Generalized linear mixed models as a function of spatial, temporal, and biological variables were used. A priori models were ranked using Akaike's information criterion adjusted for small sample sizes (AIC c ). Session 5 the trapping session (posthibernation, breeding, or prehibernation), Floodplain 5 average 100-year floodplain width of the site, Annual Precip 5 average annual precipitation, Random (Individual) 5 individual treated as a random effect; see ''Materials and Methods'' for further detail. Table 2 ) predicting Preble's meadow jumping mice (Zapus hudsonius preblei) 95% and 50% home-range size based on spatial, temporal, and biological variables in Douglas County, Colorado. additional support for overlap in feeding, because fecal analyses during the radiotelemetry study at all 3 sites found that male and female Z. h. preblei had similar diets (Shenk 1999) .
For both males and females we observed seasonal variation in the 95% and 50% home-range sizes (P , 0.03; Table 3 ) with the largest home ranges occurring during the breeding (July) season (Fig. 3) . Seasonal shift in spatial distribution has been reported for other Zapus subspecies (Brown 1970; Fitch 1954; Nichols and Conley 1982; Quimby 1951) . Similar to sex bias, seasonal shifts in home-range sizes of Z. h. preblei could be attributed to increasing access to breeding opportunities. Seasonal changes in 95% and 50% home ranges are also likely associated with seasonal variation in food availability, nutritional requirements, and water availability (see below). Jumping mice diets consist of various seeds, insects, fruits, and fungi (Getz 1961; Hamilton 1935; Quimby 1951) . Upon emerging from hibernation, diets of individuals are primarily animal material (e.g., lepidopteran larvae and beetles) with a mixture of seeds. At the beginning of summer, diet shifts from animal material to a variety of seeds. This increased source of herbaceous vegetation during the breeding season also expands understory cover and protection from predators while individuals traverse between foraging sites. Just prior to hibernation, foods with high fat content, such as seeds and fungi (Endogone-Pyare and Longland 2001; Shenk 1999; Whitaker 1963 ) are consumed until hibernation (Whitaker 1963) .
Habitat requirements and spatial distribution of jumping mice are closely associated with water (Dharman 2001; Getz 1961; Quimby 1951; Tester et al. 1993; Trainor et al. 2007a) . Z. h. preblei emerges from hibernation in early June when the local region is relatively dry (Fig. 2) , and is restricted to reliable open water sources, such as perennial creeks. As precipitation increases throughout the summer, additional water sources become available in ephemeral drainages and ponds allowing Z. h. preblei to expand its daily movements away from creeks. In our study, seasonal variation in precipitation was not directly related to either 95% or 50% home-range sizes, but this could be due to a correlation with food availability, sexual activity, or a time lag between the recorded precipitation and effect of rainfall in the ecosystem, for example, plant growth and seed production. In addition, relatively consistent precipitation throughout the summer increases protective cover for mice allowing foraging away from main water sources into the adjacent grassland ecosystem (Meaney et al. 1997 (Meaney et al. , 2003 . Just prior to hibernation, as temperature and precipitation decrease (Fig. 2) , 95% and 50% home-range sizes sharply declined, probably due to Z. h. preblei limiting its movements to conserve energy and fat for hibernation and preparing hibernacula. For example, a male Z. h. preblei radiotracked all 3 sessions in a year reduced and shifted his posthibernation (16,376 m 2 ) and breeding (25,804 m 2 ) home ranges during the prehibernation (2,914 m 2 ) session greater than 200 m downstream near his future hibernation site.
None of the previous studies of Z. hudsonious evaluated movement behavior at the same site over multiple years. Similar to seasonal home-range changes, both 95% and 50% home-range sizes varied between years. Annual changes in precipitation result in temporal variation of resources within a site (Quimby 1951; Trainor et al. 2007a; Whitaker 1963) . We found that year, as a categorical variable, was better than precipitation in explaining the variation in 95% home-range size, even though the smallest average home range was observed in 2000, which had the lowest precipitation of the study (Figs. 2 and 3) . Certainly, a number of precipitation metrics are potentially correlated with yearly variation, for example, lag effects or annual precipitation changes, and our results may, in part, be due to our choice of total annual precipitation during the active time of year for Z. h. preblei. In contrast, precipitation did explain the annual variation in coreuse area of Z. h. preblei (50% home range; Table 3 ), but coreuse area increased with decreasing annual precipitation. This seems counterintuitive, and we suggest that although overall (95% home range) is reduced in drier years, more movement within the core, 50% home range, is necessary to obtain resources along the creek.
We found that mean distance from the stream center to the 95% home-range edge for Z. h. preblei was similar across sites, and, not surprisingly, the maximum distance to the home-range edge was smaller for the sites with narrower floodplains. For the 50% home-range size (weak association at the 95% home-range size), average floodplain width was positively associated with size of core-use area (Tables 2 and  3 ), suggesting that floodplain width provides additional areas for daily use by Z. h. preblei to obtain resources. Earlier studies reported a positive correlation between jumping mice presence and dense grass cover (Trainor et al. 2007a) ; thus variations in land cover and land-use activities might alter general patterns associated with floodplain width. For example, Columbine Open Space had the widest floodplain and the largest 95% home-range sizes compared to the other sites (Fig. 3) , but the narrowest floodplain, Woodhouse Ranch, had larger home-range sizes than the intermediate floodplain site, Pine Cliff Ranch. Schulz and Leininger (1991) found that western jumping mouse (Z. princeps) abundance was negatively correlated with cattle grazing, which decreased grass cover in riparian ecosystems; the riparian corridor of Pine Cliff Ranch was surrounded by a sparse grassland actively grazed by cattle. The narrow floodplain at Woodhouse Ranch was surrounded by thick grasslands actively managed by the Colorado Division of Wildlife for wildlife conservation. In addition, the adjacent grasslands at the Colorado Division of Wildlife site contained drainages, ponds, and irrigation ditches that were regularly visited by Z. h. preblei.
Our results suggest that critical habitat rules for 1st-and 2nd-order streams (110-m buffer) overlap most of the daily resource requirements identified with 50% core-use areas for all 3 sites. However, the current critical habitat rules do not completely overlap the 95% home ranges for all individuals (Fig. 4) . This is especially evident for populations located on creeks where the critical habitat area does not overlap wide 100-year floodplains, that is, Columbine Open Space (Fig. 4) . The extensive movements beyond the core-use areas are most likely associated with important demographic activities, such as breeding, finding maternal nests, and preparing hibernation sites. Therefore, to increase the long-term persistence of populations of Z. h. preblei, it is important to not only protect core-use areas near open water but to extend protection beyond the 95% home-range area into adjacent grassland ecosystems to ensure individuals are able to meet lifetime resource needs. Our results also suggest that future conservation and management activities for Z. h. preblei need to account for spatial shifts in area use throughout spring, summer, and autumn, as well as year-to-year variation due to land-use and climatic changes.
